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Abstract

In the paper, the results of research on car movement with reduced and no tire pressure have been presented. The study included
bench tests, parameterization of the mathematical model of the tested car, road tests and simulations in PC-Crash. The road tests
involved driving a car with reduced and no tire pressure on a curvilinear track. Simulations were carried out using a bilinear tire

model, and the results were compared with those obtained in experiments.

Key words

Bypassing manoeuvre; Reduced tire pressure; No tire pressure; Simulation; PC-Crash; Bilinear tire model.

Received 24 January 2014, accepted 20 February 2014

1. Introduction

Road accident reconstruction includes the recon-
struction of car motion after a crash. This motion is of-
ten disturbed by pressure reduction in one of the wheels
resulting from tire damage due to the collision, the ve-
hicle driving over the elements of damaged vehicles or
the tire bead slipping off the rim during the accident.
In an extreme case, the tire becomes completely de-
flated, which causes the vehicle to tilt, decreases the
cornering stiffness and radial tire stiffness, as well as
increasing rolling resistance, which in turn affects the
vehicle’s dynamic characteristics: stability and steer-
ability [3, 5]. The motion of a car with reduced tire
pressure along a straight track has been investigated
thoroughly and the research results published seem
sufficient for the needs of accident reconstruction [3,
4]. The tests presented in the present study, therefore,
covered vehicle motion with reduced and no tire pres-
sure on a curvilinear track adequate for bypassing an
unexpectedly appearing obstacle. In motion on a cur-
vilinear track, lateral forces occur, which make a dam-

aged tire slide along the rim. This changes the friction
coefficient both of the tire-road surface and the tire-
steel rim. The vehicle’s lateral dynamics is strongly
affected by the reduction of a tire’s resistance to lateral
slip. All these phenomena mean that an expert cannot
state definitely whether in a given case, when driving
a car with a damaged tire, the driver could effectively
bypass an obstacle.

Popular tools used in accident reconstruction in-
clude the PC-Crash program. However, in the program
there is no data base of real characteristics of tires:
only default characteristics of bilinear and TMeasy
tire models are available, which is a serious limitation
of the program. This refers in particular to the TMeasy
model, which requires knowledge of ten parameters.
In the present study, an attempt was made to simulate
in this program the motion of a given vehicle with re-
duced and no tire pressure using only the bilinear tire
model (Figure 1). It is the simplest model, in which
a change in tire lateral force characteristics is made by
an alteration of the value of a single parameter — the
maximum slip angle.
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A single parameter modifying a model signifi-
cantly reduces the number of simulations that need to
be carried out in order to obtain a correct result. It is
possible for such a result to be as accurate as the re-
sult of a simulation using a more advanced model with
a larger number of parameters.

2. Aim and scope of the paper

The aim of the research was as follows:

— determination of the effect of reduced pressure in
one selected tire on stability and steerability of a car
during the bypassing of an unexpected obstacle on
a straight road section;

— determination of the conditions of applicability of
the bilinear tire model used in PC-Crash in simula-
tion of an analogous manoeuvre — determining un-
certainty range;

— formulation of practical guidelines for both real and
simulated car movement.

This aim was achieved by means of bench tests
and road experiments, during which the vehicle mo-
tion parameters were recorded. Next, simulations were
performed, and the results were compared with those
obtained in the experiments. A 1999 Daewoo Nubira
passenger car with Pirelli P6000 185/65 R14 86H tires
was used for the study.

3. Bench tests

The aim of the bench tests was parameterisation of
the car model (Daewoo) in the PC-Crash program for
vehicle accident simulation. These included determi-
nation of: mass distribution, centre of gravity (CG) lo-
cation in 3D, moment of inertia about the vertical axis,
characteristics of suspension stiffness, and the steering
ratio (Table ). Roll and pitch moments of inertia listed
in Table I were calculated using Bixel’s formulas [2].

F /uk =1 for K/uk=0

TABLEI. TECHNICAL DATA OF TESTED CAR
Variable Value
Vehicle mass 1374 kg
Distance of CG from front axle 1.108 m
CG height 0.54 m
Steering system ratio 169:1
Stiffness coefficient — front right wheel 16,500 N/m
suspension
Stiffness coefficient — front left wheel 23.800 N/m
suspension
Stiffness coefficient — rear right wheel 23400 N/m
suspension
Stiffness coefficient — rear left wheel 22.900 N/m
suspension
Moment of inertia — roll 588 kgm?
Moment of inertia — pitch 2380  kgm?
Moment of inertia — yaw 2478  kgm?
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Fig. 1. Normalized lateral and longitudinal forces as functions of tire slip angle; notation: F,, F,, I, — longitudinal, lateral and

normal forces respectively, x4 — friction coefficient of tire to road surface, a
imum slip angle in given state of movement.
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The tested car was not specially prepared for test-
ing. Before the tests it was used regularly and repairs
were performed as required in order to keep the vehi-
cle in good condition.

4. Road tests

The road tests were performed on a flat and hori-
zontal section of a concrete surface in summer condi-
tions. The lane change path, shown in Figure 2, was
delineated in accordance with recommendations of
norm BN-90/3615-/06, the aim of which is to define
the properties of a car when bypassing an unexpected
obstacle on a straight road section [6]. In addition, the
path was marked out by posts that were numbered in
order to enable precise identification of which of them
had been knocked down by the car during the bypass-
ing manoeuvre. The driver strove to maintain a con-
stant speed during the manoeuvre.

Initially, the pressure in all the wheels of the tested
car had a nominal value of 2.0 bar, as recommended
by the manufacturer. In subsequent tests, before the
car started to move, the pressure was reduced succes-
sively in one wheel to values of 1.5 and 1.0 bar, and in
later tests it was reduced to a value of zero. The pres-
sure in one wheel was completely eliminated before
the test by removing the inner part of the tire valve,
which guaranteed a gradual reduction of the pressure
as the car was approaching the beginning of the test
track [1]. Runs with reduced pressure were repeated

successively for all the wheels (Figure 3). In the final
tests, the pressure was completely eliminated in all the
wheels of the tested car.

5. Testing equipment

The parameters of devices and sensors used in the
road tests have been shown in Table II. The movement
of the vehicle and selected wheel was documented by
three digital cameras (Casio EX-F1) with a standard
frequency of 25 in Full HD mode and heightened fre-
quency of 300 fps. After each test, the wheels were
photographed.

6. Vehicle motion visualisation in PC-Crash
program

A GPS-based Racelogic VBOX measurement sys-
tem used in road tests enabled recording of the tra-
jectory and velocity of the tested vehicle [11]. The
GPS receiver fixed on the vehicle roof above its CG
recorded the geographic position of the CG and the
velocity as well as its deviation from north. The ob-
tained data were reduced to the CG and transformed
to the global coordinate system [7]. The resulting table
of data was imported in text format to PC-Crash, in
which the vehicle motion trajectory was visualised. In
the diagrams, blue silhouettes of vehicles indicate the
real motion of the tested car (Figures 6—17).

5 7

3.50 m
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Fig. 3. The order of reduction and elimination of tire pressure.
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TABLE II. MEASUREMENT EQUIPMENT USED IN ROAD TESTS

Measurement device Parameter

Measurement range Measurement precision

Universal measurement steering wheel,

Kistler Group Steering angle + 1250 <0.1
Linear velocity 0.1-447 m/s 0.03 m/s, 0.1 km/h
GPS data logging system (RLV B3 and - o o
R10G10) Heading 0-360 0.1
Distance 0.05 %, < 50 cm/km
. . ACC@lelratlon: longitudinal, lateral, +17g 0.01 ¢
Inertial measurement unit (RLVBIMU(3) _Vvertica
Angular rate: roll, pitch, yaw +150°s 0.0%s

7. Simulations in PC-Crash program

The vehicle motion was simulated in PC-Crash
9.2, using a bilinear tire model [4, 10]. In the bilinear
model, the maximum slip angle is the equivalent of
cornering stiffness. Simulations were performed using
both default bilinear tire characteristics, with a slip an-
gle of 10°and modified characteristics, where the slip
angle value was changed. The slip angle was changed
so as to meet the following criteria: the vehicle moving
along the assigned trajectory in the manner recorded
in tests including running into the posts marking out
the trajectory if this happened in the test, (criterion 1),
minimum deviation of the vehicle motion trajectory
in simulation from the trajectory recorded in the test
(criterion 2).

In order to quantitatively evaluate the consistency
of vehicle positions obtained in simulations with the
real results (criterion 2), a quality function was select-
ed, described by formula:

where: g, —relative difference between the real value of
the i-th parameter and that obtained in the simulation,
w, — weighting coefficient of the i-th parameter.

The relative difference ¢, was determined for x, y
coordinates of the longitudinal and lateral displace-
ment of the centre of gravity of the vehicle, and yaw
angles w for each integrated step, which was equal
to 0.01 s. In the authors’ opinion, these positions of
the vehicle are a meaningful indicator of the quality
of simulation; hence the maximum value of weight-
ing coefficients of these parameters, equal to one (g, =
q,=4q,= 1), was adopted [12].

In the simulations with a vehicle whose wheels all
had a nominal pressure, the slip angle was reduced
to a value at which a satisfactory simulation was ob-
tained. The determined values of the slip angle were
used in subsequent simulations for wheels with nomi-
nal pressure. The timeline of the steering wheel an-
gle was approximated by linear functions. Each linear
section of the steering wheel angle timeline constituted
a single sequence of the vehicle motion in the simulation

(Figure 4).

600

22 24
. Time [s].

Front Whee! Steer Angle [deg]
o

Fig. 4. Example of measured and approximated steering
wheel angle (test no. 9).

The simulation started a few seconds before en-
tering the defined path. The vehicle’s initial velocity
corresponded to the velocity measured in the test, and
the velocity in subsequent sequences of vehicle mo-
tion was corrected in order to be consistent with the
recorded velocity (Figure 5). The simulation was con-
sidered completed when the vehicle stopped or its mo-
tion was stabilised.

In all the simulations, a global friction coefficient
was adopted whose value of 0.78 was the mean value
obtained in tests.

Problems of Forensic Sciences 2014, vol. 97, 34-47
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Fig. 5. Velocity-time graph for experiment and simulation
(test no. 9).

8. Test results
8.1. Tests tabulation

The recorded tests (of motion along the defined
path) have been tabulated (Table III). Data presented
include the number of the test, the vehicle’s initial ve-
locity on entering the path, as well as the number of
knocked down posts and the car’s motion (skidding)
following the bypassing manoeuvre.

TABLE III. MEASUREMENT RESULTS

Pressure  Velocity

No. Test [bar] [kph] Remarks
1 All wheels 2.0 47 -
2 Allwheels 2.0 61 Post 6 knocked
over
3 All wheels 2.0 51 -
4  Leftfront 15 5 _
wheel
5 Left front 1.0 5 _
wheel
Post 6 knocked
6 Leftfront 4, 60 over, slight
wheel .
running over
7 Right front 0.0 48 _
wheel
] Right front 00 60 Post 6 knocked
wheel over
Left rear Post 6 knocked
? wheel 0.0 61 over, skidding
10 Right rear 0.0 5 _
wheel
Right rear Post 3, 6 knocked
1 wheel 0.0 60 over, skidding
12 All wheels 0.0 37 Post 6 knocked

over, skidding

8.2. All wheels — 2.0 bar (nominal value)

Three runs of the vehicle with all wheels at nominal
pressure were performed. Simulations performed with
default bilinear tire characteristics failed to meet the
adopted criteria, as in each simulation for a slip angle
of 10°, the vehicle drove into post no. 6 and a signif-
icant deviation of the vehicle CG trajectory from the
position obtained during the experiment was observed
(Figure 6a). The most favourable results were obtained
for modified bilinear characteristics in the slip angle
range of 3° to 7°. In this range, the value of function O
reached the lowest values (Tables IV, V and VI).

¢) Bilinear 6 -6 —-6—-6

Fig. 6. Measured (blue silhouettes) and simulated (red sil-
houettes) movement trajectories of the vehicle (test no. 1).

TABLE IV. ANALYSIS OF ADOPTED CRITERIA
(TESTNO. 1)

Model parameters/Experiment Criterion 1 O (Criterion 2)
No (post 6) 0.45

Bilinear default

Bilinear 7—-7-7-17 Yes 0.40
Bilinear6 -6 -6 -6 Yes 0.38
Experiment - -

c) Bilinear4 -4 -4 -4

Problems of Forensic Sciences 2014, vol. 97, 34—47
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d) Bilinear3-3-3-3

Fig. 7. Measured (blue silhouettes) and simulated (red sil-
houettes) movement trajectories of the vehicle (test no. 2).

TABLE V. ANALYSIS OF ADOPTED CRITERIA
(TEST NO. 2)

Model parameters/Experiment Criterion 1 O (Criterion 2)

Bilinear default No (post 6, 7) No
Bilinear 5-5-5-5 Yes (post 6)  0.81
Bilinecar 4 —4 -4 -4 Yes (post 6)  0.51
Bilinear 3-3-3-3 Yes (post 6)  0.58
Experiment post 6 -

c)Bilinear3-3-3-3

Fig. 8. Measured (blue silhouettes) and simulated (red sil-
houettes) movement trajectories of the vehicle (test no. 3).

TABLE VI. ANALYSIS OF ADOPTED CRITERIA
(TEST NO. 3)

Model parameters/Experiment Criterion 1 O (Criterion 2)

Bilinear default No (post 6) 0.52
Bilinear 4 -4 -4 -4 Yes 0.84
Bilinear 3 -3 -3 -3 Yes 0.57
Experiment - -

8.3. Left front wheel — 1.5 bar

Simulations of the motion of a vehicle with the
pressure in the left front wheel reduced to 1.5 bar
showed that for default bilinear tire characteristics, the
criteria are not met (Table VII). Satisfactory results
were obtained after the slip angles of all wheels were
reduced to 3.0° (Figure 9c).

c)Bilinear3-3-3-3

Fig. 9. Measured (blue silhouettes) and simulated (red sil-
houettes) movement trajectories of the vehicle (test no. 4).

TABLE VII. ANALYSIS OF ADOPTED CRITERIA
(TEST NO. 4)

Model parameters/Experiment Criterion 1 O (Criterion 2)

Bilinear default No (post 6) 1.16
Bilinear 5-5-5-5 Yes 1.00
Bilinear 3 -3 -3 -3 Yes 0.33
Experiment - -

8.4. Left front wheel — 1.0 bar

Simulations of a vehicle with pressure in the left
front wheel of 1.0 bar performed with default bilin-
ear characteristics failed to meet criterion no. 2 (Table
VIII). In this simulation the vehicle CG deviated most
from the trajectory assigned in tests. Reduction of slip
angle of all the wheels diminished the discrepancies
(Figure 10c).

¢) Bilinear3-3-3-3

Fig. 10. Measured (blue silhouettes) and simulated (red sil-
houettes) movement trajectories of the vehicle (test no. 5).

Problems of Forensic Sciences 2014, vol. 97, 34—47
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TABLE VIII. ANALYSIS OF ADOPTED CRITERIA (TEST
NO. 5)

Model parameters/Experiment ~ Criterion 1 Q (Criterion 2)

R

Bilinear default Yes No
Bilinear 6 -6 -6 -6 Yes No
Bilinear 3 -3 -3 -3 Yes 0.62
Experiment - -

8.5. Left front wheel — 0.0 bar

Simulations of the motion of the vehicle with the
pressure in the tire of the left front wheel eliminated
completely — for default bilinear characteristics and
identical slip angle in all the wheels — failed to meet
the adopted criteria (Table IX). Criterion no. 1 was met
after reducing the slip angle for the three wheels with
nominal pressure and increasing the angle to a value
of 11° for the wheel with no pressure (Figure 11c).
A higher value than 11° caused the knocking down of
post number 6 by the front, not by right side of the car,
as happened during the experiment. The lowest value
of the function Q was obtained for a value of about 30°
for the wheel with no pressure (Table IX).

In this case, the results should be treated with ex-
treme caution because a tire with no pressure loses its
structural properties, lateral stiffness is reduced dra-
matically and in the unsteady motion state (e.g. turn-
ing left or countersteering to the right), the tire is dis-
placed in relation to the stiff rim, resembling in its na-
ture the phenomenon of play and friction. However, as
long as the rim edge does not come into contact with
the road surface the value of the friction coefficient
itself is not reduced drastically. A value of 30° does
not indicate that the slip angle for a tire with no pres-
sure has been identified; it only indicates that at this
particular value, it was possible to establish, as closely
as possible, a model of the motion of a vehicle with
three other efficient tires. Consequently, the obtained
results cannot be used in other simulations in terms of
quantity, but they can be treated as rough, qualitative
indications of motion trends in boundary conditions.
By the same token, reliable simulation of car motion
with a larger number of tires with no pressure or one
tire with no pressure and the remaining ones with re-
duced pressure is even less possible.

heat™>20

a) Bilinear default

d) Bilinear 30-3-3-3

Fig. 11. Measured (blue silhouettes) and simulated (red sil-
houettes) movement trajectories of the vehicle (test no. 6).

TABLE IX. ANALYSIS OF ADOPTED CRITERIA
(TEST NO. 6)

Model parameters/Experiment Criterion 1 O (Criterion 2)
No (post 6, 7) No

Yes (post 6)  No

Bilinear default

Bilinear3-3-3-3
Bilinear 11 -3-3-3 Yes (post 6)  2.22
Bilinear 30 -3 -3 -3 No (post6)  0.84

Experiment Post 6 -

8.6. Right front wheel — 0.0 bar

As in the case above, the criteria were met in the
simulation when the pressure in the right front wheel
was completely eliminated, slip angles in wheels with
nominal tire pressure were reduced, and the angle for
the wheel with no pressure was about 32° (Table X)
and 40° (Table XI).

b) Bilinear4 —4 -4 —4

Sl e AR e A AR R R RSP Sl U R 4

c¢) Bilinear4 -32 -4 -4

Fig. 12. Measured (blue silhouettes) and simulated (red sil-
houettes) movement trajectories of the vehicle (test no. 7).

Problems of Forensic Sciences 2014, vol. 97, 34-47
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TABLE X. ANALYSIS OF ADOPTED CRITERIA
(TEST NO. 7)

Model parameters/Experiment Criterion 1 O (Criterion 2)
Bilinear default No (post5)  No

Bilinear 4 —4-4-4 No (post 3, 5) No

Bilinear 4 —32 -4 -4 Yes 0.28

Experiment - -

¢) Bilinear 6 —40—-6 -6

Fig. 13. Measured (blue silhouettes) and simulated (red sil-
houettes) movement trajectories of the vehicle (test no. 8).

TABLE XI. ANALYSIS OF ADOPTED CRITERIA
(TEST NO. 8)

Model parameters/Experiment Criterion 1 O (Criterion 2)
Bilinear default No No

Bilinear 6 -6 -6 -6 No (post 3, 5) No

Bilinear 6 —40 -6 -6 Yes (post 6)  0.51

Experiment Post 6 -

8.7. Left rear wheel — 0.0 bar

Simulation of the motion of a car with pressure
eliminated from the left rear wheel was the most dif-
ficult. The problem was that the car skidded and in or-
der to achieve stable motion, the driver had to perform
many corrections of the motion trajectory. Slip angle
change at the level of hundredths of a degree caused
significant changes of the vehicle motion trajectory.
The result of a simulation performed so that CG tra-
jectories in the simulation and experiment were close
to each other has been shown below. In this simula-

tion, the slip angles were: 5.79 — 5.79 — 21.88 — 5.79
(Figure 14b).

b) Bilinear 5.79 — 5.79 — 21.88 — 5.79

Fig. 14. Measured (blue silhouettes) and simulated (red sil-
houettes) movement trajectories of the vehicle (test no. 9).

TABLE XII. ANALYSIS OF ADOPTED CRITERIA
(TEST NO. 9)

Model parameters/Experiment Criterion 1 QO (Criterion 2)

Bilinear default Yes No
Bilinear 5.79 —5.79 —21.88  No (post 3, 128
-5.79 6,7) ’
Experiment Post 6 -

8.8. Right rear wheel — 0.0 bar

It was much easier to simulate the motion of a ve-
hicle with pressure eliminated from the right rear tire.
The criteria were met in a simulation when more stiff
characteristics of wheels with nominal pressure and
reduced stiffness of the wheel with no pressure with
a slip angle of approximately 10° were adopted (Table
XIII and XIV).

¢) Bilinear 7—-7-7—11

Fig. 15. Measured (blue silhouettes) and simulated (red sil-
houettes) movement trajectories of the vehicle (test no. 10).

Problems of Forensic Sciences 2014, vol. 97, 34—47
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TABLE XIII. ANALYSIS OF ADOPTED CRITERIA
(TEST NO. 10)

Model parameters/Experiment Criterion 1~ Q (Criterion 2)

Bilinear default No (post 6) 1.73
Bilinear 7-7-7-7 No (post 8) 2.20
Bilinear 7—-7-7-11 Yes 1.08

Experiment - -

c¢) Bilinear 6 -6 —-6—-9.5

Fig. 16. Measured (blue silhouettes) and simulated (red

silhouettes) movement trajectories of the vehicle (test no.
11).

TABLE XIV. ANALYSIS OF ADOPTED CRITERIA
(TEST NO. 11)

Model parameters/ Criterion 1

Experiment

O (Criterion 2)

Bilinear default No (post 6, 8) 1.23
Bilinear 6 -6 —-6—-6 No (post 3,6,8) 0.48
Bilinear 6 -6 -6-9.5  Yes (post 3, 6) 0.36

Experiment post 3, 6 —

8.9. All wheels — 0.0 bar

None of the simulations with pressure eliminated
from all the tires met the adopted criteria (Figure 17).
The considerable deviation of the vehicle CG trajec-
tory between simulations and experiment allows us
to ascertain that simulation of the motion of a vehicle
with no pressure in the tires, using a bilinear tire model
in PC-Crash, is not reliable (Table XV).

e

a) Bilinear default

e

¢) Bilinear 30 — 30 — 30 — 30

Fig. 17. Measured (blue silhouettes) and simulated (red sil-
houettes) movement trajectories of the vehicle (test no. 12).

TABLE XV. ANALYSIS OF ADOPTED CRITERIA
(TEST NO. 12)

Model parameters/Experiment Criterion 1 O (Criterion 2)
No (post 5) No

No (post5) No

No (post 5) No

post 6 -

Bilinear default
Bilinear 20 — 20 — 20 — 20
Bilinear 30 — 30 — 30 — 30

Experiment

9. Conclusions

1. Pressure reduction in one tire to a value of 1.0 bar
does not significantly affect vehicle stability and
steerability in a bypassing manoeuvre on a dry con-
crete road.

2. Stability and steerability are strongly affected by
pressure reduction below 1.0 bar.

3. The simulations on a curvilinear path of a vehicle
with nominal, reduced and completely eliminated
pressure in one tire, using default bilinear tire char-
acteristics, did not meet the adopted criteria.

4. In the simulations of motion of a vehicle with nomi-
nal tire pressure, the most favourable results were
obtained for modified bilinear characteristics in
a maximum slip angle range of 3° to 7°.

5. In the simulations of a vehicle with reduced and
completely eliminated pressure, the criteria (both

Problems of Forensic Sciences 2014, vol. 97, 3447
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or at least one) were met when the maximum slip
angle of the unserviceable wheel was in the range
of 10° to 40°. The model of the lateral dynamics
of the vehicle is very sensitive to a change in the
maximum slip angle, so the indicated uncertainty
band cannot in any way be narrowed.

6. It is not possible to simulate the bypassing of an ob-
stacle by a vehicle with no pressure in all the wheels
using the bilinear tire model in PC-Crash.

7. Simulations at a vehicle velocity of about 60 km/h,
at which skidding occurred, did not meet the adopt-
ed criteria.

Acknowledgement

This work was supported by the Institute of Forensic Re-
search (project no. II/'W-2012).

References

1. Andreatta D., Bixel R. A., Guenther D. A., An analysis of
the time to deflate a ruptured tire, Accident Reconstruc-
tion Journal 2007, 17, 29-30.

2. Bixel R. A., Developments in vehicle center of gravity
and inertial parameter estimation and measurement, SAE
Technical Paper 950356, DOI: 10.4271/950356.

3. Blythe W., Day T. D., Grimes W. D., 3-Dimensional
simulation of vehicle response to tire blow-outs, SAE
Technical Paper 980221, DOI: 10.4271/980221.

4. Brach R. M., Brach, M. R., Tire models for vehicle dy-
namic simulation and accident reconstruction”, SAE
Technical Paper 2009-01-0102, DOI: 10.4271/2009-01-
0102.

5. Lozia Z., Simulation tests of biaxial vehicle motion af-
ter a tire blow-out, SAE Technical Paper 2005-01-0410,
DOLI: 10.4271/2005-01-0410.

6. Project of standard: Motor vehicle. Stability and steer-
ability. Lane change manoeuvre and going a car into
a bend, BN-90/3615-/06.

7. Rill G., Simulation von Kraftfahrzeugen, Vieweg & Sohn
Verlagsgesellschaft, Braunschweig, Wiesbaden 1994.

8. Robinette R. D., Fay R. J., Drag and steering effects from
disablements of run flat tires, SAE Technical Paper 2000-
01-1316, DOI: 10.4271/2000-01-1316.

9. Robinette R., Deering D., Fay R. J., Drag and steering ef-
fects of under inflated and deflated tires, SAE Technical
Paper 970954, 1997.

10. Wach W., Simulation of vehicle accidents using PC-
Crash, Institute of Forensic Research Publishers, Krakow
2011.

11. www.racelogic.co.uk. [access 2013].

12. Z¢bala J., Wach W., Cigpka P. [et al.], Verification of ABS
models applied in programs for road accident simulation,
SAE International Journal of Passenger Cars — Mechan-
ical Systems 2010, 3, 72-99 [also: SAE Technical Paper
2010-01-0070, DOI: 10.4271/2010-01-0070].

Corresponding author

Dr inz. Jakub Z¢bala

Instytut Ekspertyz Sadowych
ul. Westerplatte 9

PL 31-033 Krakow

e-mail: jzebala@ies.krakow.pl

Problems of Forensic Sciences 2014, vol. 97, 34-47



Problems of Forensic Sciences 2014, vol. 97, 34—47

RUCH SAMOCHODU OSOBOWEGO Z OBNIZONYM CISNIENIEM
W OPONACH - EKSPERYMENT VS. SYMULACJA

1. Wprowadzenie

Zrekonstruowanie przebiegu wypadku obejmuje
m.in. odtworzenie pozderzeniowego ruchu pojazdu.
Ruch ten nierzadko bywa zaktocony obnizonym cisnie-
niem w ktéryms$ z kot, spowodowanym uszkodzeniem
opony w wyniku zderzenia lub najechania na elementy
uszkodzonych pojazdow albo w wyniku zsunigcia si¢
stopki opony z obreczy w czasie zderzenia. W skrajnym
przypadku nastgpuje wtedy calkowite rozszczelnienie
opony, ktore powoduje przechylenie pojazdu, obnizenie
sztywnoS$ci skretnej i promieniowej opony oraz wzrost
oporéw toczenia, co wplywa na wilasnosci dynamicz-
ne: kierowalnos$¢ i statecznos¢ pojazdu [3, 5]. Jazda na
wprost z obnizonym ci$nieniem byla przedmiotem ba-
dan, a opublikowane wyniki majg zakres wystarczaja-
cy na potrzeby rekonstrukcji wypadkow [8, 9]. Z tego
wzgledu wykonane przez autoréw badania obejmowaly
ruch pojazdu z obnizonym i calkowicie usunigtym cis-
nieniem w poszczegodlnych kotach po torze krzywolinio-
wym, adekwatnym do omijania niecoczekiwanie pojawia-
jacej si¢ przeszkody.

Bardzo duzy wplyw na dynamik¢ poprzeczng po-
jazdu ma odporno$¢ opony na boczne znoszenie, ktora
zmniejsza si¢ wraz z obnizaniem cisnienia. Zjawisko
to w praktyce opiniodawczej zazwyczaj nie pozwala na
jednoznaczne stwierdzenie, czy w konkretnym przypad-
ku kierowca mogt wykonaé skuteczny manewr omijania
przeszkody. Przy znacznym ubytku cisnienia w czasie
jazdy po torze krzywoliniowym powstaja sity poprzecz-
ne powodujace przesuwanie si¢ uszkodzonej opony
wzgledem obreczy, a nawet zetknigcie si¢ samej obrgczy
z nawierzchnig jezdni skutkujace dodatkowo znaczacym
zmniejszeniem wspdtczynnika przyczepnos$ci.

Popularnym narzedziem stosowanym w rekonstrukcji
przebiegu wypadku jest program PC-Crash. Nalezy jed-
nak zauwazy¢, ze w programie tym nie ma bazy danych
rzeczywistych charakterystyk opon. Dostepne sg jedynie
charakterystyki domys$lne modeli biliniowego i TMeasy
opony, co stanowi istotne ograniczenic w zastosowa-
niu tego programu. Szczegdlnie ograniczenie to doty-
czy modelu opony TMeasy, ktory wymaga znajomosci
10 parametréw. W ramach opracowania wynikow pod-
jeto probe zasymulowania w tym programie ruchu ba-
danego pojazdu z obnizonym i usunigtym ci$nieniem
w oponach, stosujac wylacznie biliniowy model opony
(rycina 1). Jest to najprostszy model, w ktorym zmiane
charakterystyki sity porzecznej opony realizuje si¢ po-
przez zmiang wartosci tylko jednego parametru, jakim

jest maksymalny kat znoszenia (okreslony w tekscie
skrotem ,,kat znoszenia”).

Jeden parametr modyfikujacy model zdecydowanie
ogranicza liczb¢ symulacji, jakie nalezy wykonac, aby
uzyska¢ poprawny wynik. Nie mozna wykluczy¢, ze wy-
nik ten nie be¢dzie mniej doktadny od wyniku symula-
cji z zastosowaniem bardziej zaawansowanego modelu
o wigkszej liczbie parametrow.

2. Celi zakres badan

Cel badan obejmowat:

— okreslenie wptywu obnizonego ci$nienia w jednej
oponie na stateczno$¢ i kierowalno$¢ samochodu pod-
czas wykonywania manewru omijania przeszkody na
prostym odcinku drogi;

— okreslenie warunkéw stosowania biliniowego modelu
opony wykorzystanego w programie PC-Crash w sy-
mulacji analogicznego manewru — okreslenie zakresu
niepewnosci;

— sformutowanie praktycznych wskazoéwek dotyczacych
rzeczywistego i symulowanego ruchu samochodu.

Zamierzony cel zostat zrealizowany poprzez wyko-
nanie préb stanowiskowych i drogowych z rejestracja
parametrow ruchu pojazdu. Nastepnie przeprowadzo-
no obliczenia symulacyjne, ktorych wyniki poréwnano

z wynikami eksperymentow. Do badan uzyto samochodu

osobowego marki Deawoo Nubira (rok produkcji 1999),

w ktorym zatozone byly opony marki Pirelli P6000

o rozmiarze 185/65 R14 86H.

3. Badania stanowiskowe

W pierwszym etapie wykonano badania stanowisko-
we samochodu Daewoo, ktorych celem byta parametry-
zacja jego modelu w programie PC-Crash. Badania te
obejmowaly wyznaczenie: rozktadu masy na poszcze-
g6lne kota, wysokoSci potozenia srodka masy, potozenia
srodka masy wzgledem osi przedniej, momentu bezwtad-
nosci samochodu wzgledem osi pionowej, charakterystyk
sztywnosci zawieszen oraz wartosci przetozenia uktadu
kierowniczego (tabela 1). Przedstawione w tabeli war-
tosci momentdéw bezwladnosci wzgledem osi wzdhuzne;j
i porzecznej obliczono na podstawie rownan opubliko-
wanych w pozycji [2]. Badany pojazd nie byt specjalnie
przygotowywany do testow. Przed badaniami byl on
regularnie eksploatowany, a naprawy wykonywano na
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biezaco w celu utrzymywania pojazdu w dobrym stanie
technicznym.

4. Badania drogowe

Badania drogowe wykonano na suchej, betonowe;j
nawierzchni w warunkach letnich. Tor zmiany pasa ru-
chu byl wyznaczony zgodne z zaleceniami projektu nor-
my branzowej BN-90/3615-/06 (rycina 2), ktérej przed-
miotem jest okreslenie wlasnosci samochodu osobowe-
go w czasie omijania nieoczekiwanie pojawiajacej si¢
przeszkody na prostoliniowym odcinku drogi [6]. Stupki
wyznaczajace tor zmiany pasa ruchu zostaty oznaczone
cyframi, aby mozna byto jednoznacznie opisac, ktory
z nich zostal najechany lub potracony w czasie proby.
W czasie kazdej proby kierujacy mial utrzymywac stata
predkosc jazdy.

Podczas pierszych prob badany samochdd mial we
wszystkich oponach nominalne, zalecane przez produ-
centa ci$nienie wynoszace 2,0 bary. W nastepnych pro-
bach, przed rozpoczeciem przejazdu, obnizano cisnie-
nie w jednej oponie, kolejno do wartosci 1,5 1 1,0 bara,
a w dalszych probach realizowano przejazdy po catkowi-
tym usuni¢ciu ci$nienia w oponie. Catkowite usunigcie
cisnienia w jednej oponie bylo realizowane poprzez wy-
krecenie wktadu zaworu powietrznego, co powodowato
stopniowe zmniejszanie ci$nienia w czasie dojezdzania
do poczatku toru pomiarowego [1]. Przejazdy z obni-
zonym cis$nieniem powtarzano kolejno dla wszystkich
koét, a na zakonczenie wykonano proby z usunigtym cis-
nieniem we wszystkich oponach badanego samochodu
(rycina 3). Na zakonczenie badan wykonano proby po
usunig¢ciu ci$nienia we wszystkich oponach badanego
samochodu.

5. Aparatura pomiarowa

Parametry urzadzen i czujnikéw wykorzystanych
w badaniach drogowych zestawiono w tabeli II. Ruch
pojazdu w czasie prob rejestrowano za pomoca trzech
kamer cyfrowych Casio EX-F1 ze standardowg czgstotli-
woscia zapisu obrazu 25 klatek na sekundg przy rejestra-
cji w trybie Full HD oraz z czestotliwoscia zwickszong
do 300 klatek/s. Po kazdym przejezdzie dokumentowano
stan opon badanego pojazdu.

6. Wizualizacja ruchu pojazdu w programie
PC-Crash

Zastosowany w badaniach drogowych uktad pomia-
rowy GPS pozwalal na rejestracje toru ruchu i predkosci
badanego samochodu [11]. Antena GPS zamocowana na

dachu doktadnie ponad $rodkiem masy pojazdu wyzna-
czata potozenie geograficzne srodka masy i jego predkosé
oraz kat odchylenia wektora tej predkosci od kierunku
poocnego. Aby mozna bylo wykorzysta¢ otrzymane
dane, nalezato zredukowac je do $rodka masy testowego
pojazdu 1 wykona¢ transformacj¢ do globalnego uktadu
odniesienia [7]. Otrzymang tablice danych zaimporto-
wano w formacie tekstowym do programu PC-Crash,
w ktorym wykonano wizualizacje toru ruchu pojazdu.
Niebieskie sylwetki pojazdéw na rycinach przedstawiaja
rzeczywisty ruch testowego pojazdu (ryciny 6—17).

7. Symulacje w programie PC-Crash

Symulacj¢ ruchu pojazdu wykonano w programie
PC-Crash 9.2, stosujac wylacznie biliniowy model opony
[4, 10]. W biliniowym modelu opony odpowiednikiem
sztywnoS$ci poprzecznej jest maksymalny kat znoszenia.
Symulacje byly wykonywane zarowno dla domyslnej
charakterystyki, w ktorej kat znoszenia wynosit 10°, jak
i dla zmodyfikowanych charakterystyk, w ktorych zmie-
niano warto$ci kata znoszenia. Kat znoszenia zmienia-
no w takim zakresie, aby zostaly spetnione nastepujace
kryteria: przejechanie przez samochdd wyznaczonego
toru w sposéb zarejestrowany w czasie badan z uwzgled-
nieniem najechan na shupki wyznaczajace ten tor (jezeli
w czasie proby doszto do takich najechan, kryterium 1)
i minimum odchylenia toru ruchu pojazdu w symulacji
od toru ruchu zarejestrowanego w czasie proby (kryte-
rium 2).

Aby oceni¢ w sposéb ilosciowy zgodnos$¢ potozen
pojazdéw uzyskanych w symulacjach z wynikami rze-
czywistymi (kryterium 2), wybrano funkcje jakosci okre-
slong wzorem:

gdzie g, to wzgledna réznica pomigdzy rzeczywista
a uzyskang w symulacji wartoscig parametru i, za$ w, to
wspotczynnik wagowy parametru i.

Wzgledng réznicg ¢, okreslono dla wspétrzednych
x, y przemieszczenia wzdhuznego i poprzecznego srodka
masy pojazdu oraz kata odchylenia y dla kazdego kroku
catkowania rownego 0,01 s. Zdaniem autordéw, potoze-
nia te s3 miarodajnym wskaznikiem jako$ci symulacji,
stad przyjeto dla tych parametrow maksymalng warto$§¢
wspotczynnikow wagowych rowng 1 [12].

W symulacjach z udzialem samochodu, w ktorym
wszystkie kota mialy nominalne ci$nienie, zmniejszano
kat znoszenia do takiej wartosci, przy ktorej uzyskano
zadawalajacy przebieg symulacji. Wyznaczone w ten
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sposob wartosci katéw znoszenia wykorzystano w kolej-
nych symulacjach dla trzech kot, w ktorych zachowane
bylo ci$nienie nominalne.

Na potrzeby symulacji zmierzony podczas prob dro-
gowych czasowy przebieg kata skretu kierownicy zostat
aproksymowany funkcjami liniowymi (rycina 4). Kazdy
liniowy fragment przebiegu kata skretu két stanowit po-
jedyncza sekwencje ruchu pojazdu.

Symulacje rozpoczynano kilka sekund przed wje-
chaniem samochodu na wyznaczony tor ruchu. Predko$¢
poczatkowa pojazdu odpowiadata predkosci zmierzonej
w czasie proby, a predkos¢ w kolejnych sekwencjach ru-
chu pojazdu byta korygowana tak, aby uzyskac¢ zgodno$¢
z zarejestrowang predkoscia (rycina 5). Koniec symula-
cji nastgpowatl po zatrzymaniu samochodu lub po usta-
bilizowaniu si¢ jego ruchu. We wszystkich symulacjach
przyjety zostat globalny wspotczynnik przyczepnosei,
ktorego wartos¢ 0,78 byla Srednig wartoscig uzyskang
w czasie badan.

8. Wyniki badan
8.1. Zestawienie prob

Zarejestrowane proby zestawiono w tabeli 11, w kto-
rej podano predkos¢ samochodu na poczatku wjezdza-
nia na wyznaczony tor i uwagi dotyczace przejazdu,
a w szczego6lnosci numer potragconego lub najechanego
shupka oraz sposob ruchu pojazdu po wykonaniu mane-
wru omijania (zjawisko zarzucania).

8.2. Wszystkie kota z ci$nieniem nominalnym —
2,0 bary

Wykonano trzy przejazdy samochodem, w ktorym
w oponach wszystkich kot byto cisnienie nominalne.
Symulacje wykonane przy zastosowaniu domyslnej cha-
rakterystyki biliniowej opony nie spetnialy przyjetych
kryteriow, gdyz w kazdej symulacji dla wartosci kata
znoszenia 10° samochdd najezdzat na stupek nr 6, a takze
wystgpowato duze odchylenie toru $rodka masy pojazdu
od potozenia uzyskanego w czasie eksperymentu (rycina
6a). Wyniki najlepiej spetniajace przyjete zatozenia uzy-
skano dla zmodyfikowanych charakterystyk biliniowych
opon w zakresie katow znoszenia od 3° do 7°. W tym
zakresie charakterystyk biliniowych funkcja O osiggata
najmniejsze wartosci (tabele IV, V, VI).

8.3. Koto przednie lewe — ci$nienie 1,5 bara

Symulacje ruchu pojazdu z ci$nieniem w lewym
przednim kole obnizonym do wartosci 1,5 bara wykazaly,
ze dla domyslnej charakterystyki opon nie sg spetnione
przyjete kryteria (tabela VII). Zadawalajace wyniki uzy-

skano po obnizeniu warto$ci katéw znoszenia wszystkich
kot do wartosei rzedu 3,0° (rycina 9c¢).

8.4. Koto przednie lewe — cis$nienie 1,0 bara

Dla proby z ci$nieniem wynoszacym ok. 1 bara w le-
wym przednim kole symulacje wykonane przy zastoso-
waniu domyslnej wartosci kata znoszenia nie spetnialy
drugiego kryterium (tabela VIII), gdyz tor ruchu $rodka
masy pojazdu byl najbardziej odchylony od toru wyzna-
czonego w czasie testu. Obnizanie wartosci kata znosze-
nia wszystkich kol prowadzito do zmniejszenia rozbiez-
nosci (rycina 10c).

8.5. Koto przednie lewe — cisnienie 0,0 bara

Przy catkowicie usuni¢tym cisnieniu w oponie lewe-
go przedniego kota dla przyjetej we wszystkich kotach
jednakowej wartosci kata znoszenia symulacje ruchu
pojazdu nie spetniaty przyjetych kryteriow (tabela 1X).
Po zwigkszeniu kata znoszenia dla kota bez ci$nienia do
wartosci 11° i zmniejszeniu go dla trzech pozostatych kot
spetnione zostalo tylko kryterium 1 (rycina 11c). Przyje-
cie wigkszej od 11° warto$ci kata znoszenia powodowato
najechanie na shupek nr 6 nie prawym bokiem pojazdu,
jak to bylo w czasie testu, tylko jego przodem. Najmniej-
sza warto$¢ funkcji O uzyskano dla kata znoszenia 30°
dla kota bez powietrza (tabela 1X). W tym przypadku do
wynikow nalezy podchodzi¢ z duzym dystansem, po-
niewaz opona bez cis$nienia traci swoje konstrukcyjne
wilasciwosci, sztywno$§¢ poprzeczna gwaltownie spada
i w stanie ruchu nieustalonego (np. skret w lewo i prze-
ciwskret w prawo) przemieszcza si¢ wzgledem sztywnej
obreczy, przypominajac w swojej istocie zjawisko luzu
i tarcia. Jednak dopoki krawedz obrgczy nie zetknie si¢
z nawierzchnig, warto$¢ samego wspotczynnika przy-
czepnosci nie obniza si¢ drastycznie. Warto§¢ 30° nie
oznacza, ze zidentyfikowano kat znoszenia dla opony
bez cisnienia, ale jedynie tyle, ze przy takiej wlasnie
warto$ci udalo si¢ w sposob bardzo przyblizony ustali¢
model ruchu pojazdu ze sprawnymi trzema pozostaty-
mi oponami. Z powyzszych wynikow nie mozna wigc
korzysta¢ w innych symulacjach w sensie ilosciowym,
a jedynie traktowac jako zgrubne, jakosciowe wskazanie
trendu ruchu w stanach granicznych. Tym bardziej nie
jest mozliwe miarodajne symulowanie ruchu samochodu
z wigksza liczba opon bez ci$nienia lub z jedna opona
bez cis$nienia, a innymi z obnizonym ci$nieniem.

8.6. Koto przednie prawe — ci$nienie 0,0 bara

Dla tej proby, podobnie jak w poprzednim przypad-
ku, symulacja ruchu pojazdu spetiata przyjete kryteria
wowczas, gdy obnizone zostaty katy znoszenia dla kot
z nominalnym ci$nieniem, a wartos¢ kata znoszenia dla
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kota bez cisnienia wynosita 32° (tabela X) i 40° (tabe-
la XT).

8.7. Koto tylne lewe — ci$nienie 0,0 bara

Symulacja ruchu samochodu z ci$nieniem usunigtym
w lewym tylnym kole nalezata do najtrudniejszych. Prob-
lem polegat na tym, ze pojazd byl zarzucany, a osiagg-
ni¢cie statecznego ruchu wymagato od kierowcy wielo-
krotnego korygowania toru jazdy. Zmiana kata znoszenia
na poziomie setnych czgéci stopnia powodowata istotne
zmiany toru ruchu samochodu. Ponizej przedstawiono
wynik jedynej symulacji, jaka udato si¢ wykonaé w ta-
kim stopniu, aby tory ruchu $rodka masy w symulacji
i eksperymencie byly zblizone. W symulacji tej wartosci
katdw znoszenia wyniosty: 5,79 — 5,79 — 21,88 — 5,79
(rycina 14b).

8.8. Koto tylne prawe — cisnienie 0,0 bara

Zdecydowanie tatwiej mozna bylo zasymulowaé
ruch pojazdu z usunigtym ci$nieniem w prawym tylnym
kole. Wyznaczone kryteria spetniata symulacja, w ktorej
przyjeto sztywniejsze charakterystyki kot z nominalnym
cisnieniem i zredukowang sztywnoscig do wartosci kata
znoszenia wynoszacego okoto 10° dla kota bez cisnienia
(tabela XIII, XIV).

8.9. Wszystkie kota — 0,0 bara

Wielokrotne proby zasymulowania ruchu pojazdu
z ci$nieniem usunigtym ze wszystkich opon nie prowa-
dzily do spetniata przyjetych kryteriow (rycina 17). Duze
odchylenie toru ruchu $rodka masy pojazdu w symula-
cjach i eksperymencie pozwala na stwierdzenie, ze nie
jest miarodajna symulacja ruchu pojazdu jadacego bez
cisnienia w oponach wszystkich kot przy wykorzystaniu
w programie PC-Crash biliniowego modelu opony (ta-
bela XV).

9. Whioski

1. Obnizenie ci$nienia w jednym kole do wartosci ok.
1,0 bara nie ma istotnego wptywu na statecznosc i kie-
rowalno$¢ samochodu w czasie wykonywania mane-
wru omijania przeszkody.

2. Istotny wplyw na statecznos$¢ i kierowalno$¢ miato
obnizenie ci$nienia ponizej 1 bara.

3. Symulacje ruchu pojazdu po torze krzywoliniowym
z nominalnym, obnizonym albo catkowicie usunig-
tym ci$nieniem w jednej oponie przy zastosowaniu
domyslnej biliniowej charakterystyki opony nie spet-
nialy przyjetych kryteriow.

4. W symulacjach ruchu pojazdu z nominalnym cis-
nieniem w oponach najlepsze wyniki uzyskano dla
zmodyfikowanych biliniowych charakterystyk opon
w przedziale maksymalnych katéw znoszenia od 3°
do 7°.

5. W symulacjach ruchu pojazdu z obnizonym i catko-
wicie usuni¢tym cisnieniem przyjete kryteria (obydwa
lub co najmniej jedno) zostaly spetnione, jezeli dla
niesprawnego kota warto§¢ maksymalnego kata zno-
szenia mieScita si¢ w przedziale od 10° do 40°. Model
dynamiki poprzecznej pojazdu jest bardzo wrazliwy
na zmian¢ maksymalnego kata znoszenia opony, dla-
tego wskazanego pasma niepewnosci nie da si¢ w za-
den sposob zawezic.

6. Przy wykorzystaniu w programie PC-Crash bilinio-
wego modelu opony nie jest mozliwe zasymulowanie
omijania przeszkody przez samochod z wszystkimi
kotami pozbawionymi ci$nienia.

7. Przy predkosci rzedu 60 km/h, przy ktorej dochodzito
do zarzucania samochodu, symulacje ruchu pojazdu
nie spetniaty przyjetych kryteriow.
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